Most enzyme studies are carried out in bulk aqueous solution, at the so-called ensemble level, but more recently studies have appeared in which enzyme activity is measured at the level of a single molecule, revealing previously unseen properties [1] [2] [3] [4] . To this end, enzymes have been chemically or physically anchored to a surface, which is often disadvantageous because it may lead to denaturation. In a natural environment, enzymes are present in a confined reaction space, which inspired us to develop a generic method to carry out single-enzyme experiments in the restricted spatial environment of a virus capsid. We report here the incorporation of individual horseradish peroxidase enzymes in the inner cavity of a virus, and describe single-molecule studies on their enzymatic behaviour. These show that the virus capsid is permeable for substrate and product and that this permeability can be altered by changing pH.
In recent reports, protein capsids and viruses have been studied as containers, as potential reaction vessels [5] [6] [7] [8] , as well-defined hosts [9] [10] [11] [12] , as nanotemplates [13] [14] [15] [16] [17] [18] and as synthetic platforms [19] [20] [21] .
To the best of our knowledge, no enzyme-loaded nanocontainer has been assembled, let alone studied, at the single-enzyme level.
The container described here, the cowpea chlorotic mottle virus (CCMV), has an outer diameter D of 28 nm and a well-defined inner cavity with a diameter of 18 nm. The virus is composed of 180 identical coat protein subunits, which encapsulate the viral RNA (ref. 22 ). An interesting feature of the CCMV virus is its pH-dependent gating behaviour 23 . CCMV virions can, depending on pH, disassemble in vitro into protein dimers and RNA. After removal of RNA and with a change in pH, the purified viral coat protein subunits will easily self-organize and reform the capsids 24, 25 . The reversible pH-dependent assembly/disassembly of the CCMV capsid provides a unique molecular gating mechanism for controlling the containment and release of entrapped material. We have used this behaviour of the CCMV capsid to encapsulate the enzyme horseradish peroxidase (HRP) as a model system to investigate single-enzyme processes in this virus nanoreactor. The use of the CCMV capsid as a container was first optimized with the proteins myoglobin and Dronpa 26, 27 in order to control the encapsulation and characterization process (see Supplementary Information, page 3).
The purification of the CCMV virus and the removal of its RNA were carried out according to the literature 24, 25 (see Supplementary Information, page 2). The monodispersity of the virus was confirmed by fast protein liquid chromatography (FPLC; V virus ¼ 1.12 ml, see Supplementary Information, Fig. S1a ) transmission electron microscopy (TEM; Fig. 1a ). According to the analyses, the viral coat protein at pH 5 forms particles having the same spherical shape and size as the virus (D ¼ 28 nm), but with a larger cavity due to the absence of RNA ( Fig. 1a (inset); see also Supplementary Information, Fig. S1b ).
After the optimal encapsulation conditions were determined, the loading of HRP was carried out by the abovementioned pH-dependent disassembly/reassembly process ( Fig. 2a ), which was monitored by TEM and FPLC. Initially, the capsid was transformed into protein dimers, indicated by a peak at V ¼ 1.78 ml in the FPLC (Fig. 1b ). After addition of excess HRP, the capsid was reassembled while incorporating the guest enzyme (see Methods). As the objective was to perform singleenzyme studies, the concentration of enzyme was selected to be such that there was only one or no enzyme present per capsid. By determining the number of capsids per unit area by atomic force microscopy (AFM) and comparing it with the number of fluorescent (active) particles as found by fluorescence confocal microscopy (see below, Fig. 3c ) in the same area, we confirmed that only one HRP was present per capsid or none at all.
Co-elution of the guest protein and capsid was observed in all encapsulation experiments (that is, with myoglobin, Dronpa and HRP). Detailed FPLC, TEM and fluorescence spectroscopy analyses of HRP encapsulation are shown in Fig. 2b2e . Similar data were obtained for the two model proteins (see Supplementary Information, Figs S2 and S3). FPLC traces for the HRP-containing CCMV capsid point to the successful reassembly of the viral cage after the encapsulation process ( Fig. 2c ), showing the same elution volume (V ¼ 1.12 ml) as the original capsid (Fig. 2b ). The signal at V ¼ 1.8 ml in Fig. 2c corresponds to the elution volume of free HRP ( Fig. 2d ; the high absorbance at 403 nm is due to the heme group present in the protein). The material eluting at V ¼ 0.9 ml in Fig. 2b and c corresponds to the elution volume of larger aggregates formed by the viral coat protein, which is not uncommon for CCMV capsids. The correct reassembly of the capsids with and without HRP was further proven by cryo-TEM analysis ( conditions used, individual proteins, such as coat protein and HRP, are not visualized because of their small size and low contrast. Additional evidence for co-elution of the capsid and HRP (V ¼ 1.12 ml) comes from analysis of the concentrated fractions from FPLC (see the arrow in Fig. 2c ) by fluorescence spectroscopy ( Fig. 2e ; see Methods). Test experiments using a colorimetric assay (2,2 0 -azino-bis-(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) and H 2 O 2 ) revealed that the HRP-containing CCMV capsid still possessed substantial enzymatic activity (see Supplementary  Information, Fig. S5 ).
The enzymatic activity of the HRP molecules inside the CCMV capsid was examined at the single-molecule level with a confocal fluorescence microscope using the fluorogenic substrate dihydrorhodamine 6G (Figs 3 and 4 ; see Methods) 28 . HRP catalyses the oxidation of this non-fluorescent substrate to produce rhodamine 6G, which is a highly fluorescent dye that can be easily monitored. Two solutions were prepared: one containing HRP encapsulated inside some of the CCMV capsids and a control solution containing a mixture of empty CCMV capsid and free HRP (Fig. 3a, b ). Typical images of the activity of HRP inside the CCMV capsid after 10 min of incubation of the mixture are shown in Fig. 3c . Bright diffraction-limited spots are clearly visible, which are attributed to diffusion of the substrate through the capsid pores, conversion, and diffusion of the product out of the capsid. Also, in the case of the mixture of non-encapsulated HRP and empty CCMV capsid, during catalysis, localized fluorescence is observed, but with a much reduced intensity (see Supplementary Information, Fig. S6 ). In both experiments the localized fluorescence is a result of the continuous formation of the enzyme -product complex 4 , but when the enzyme is encased inside a virus capsid the disappearance of the fluorescence is delayed because of product accumulation. Interestingly, in a blank experiment in which HRP was deposited in the absence of the CCMV capsid, no fluorescence was observed, probably as a result of denaturation of the enzyme on the glass (not shown).
In order to further prove that the bright fluorescent spots in Fig. 3c are the result of enzymatic activity localized inside the capsid, the fluorescence of one of these bright spots was followed with time ( Fig. 4a) . A strongly fluctuating intensity trace was clearly visible over time, whereas a time trace at a dark area away from the capsid showed only poissonian noise. In the case of the non-encapsulated enzyme in the presence of empty capsid, time traces measured at the fluorescent spots ( Fig. 4b ) also showed a strongly fluctuating behaviour. The latter traces were characterized by alternating bursts of fluorescence, followed by relatively long periods of background noise. To analyse the above observations, autocorrelation curves G(t) were calculated from the time traces in Fig. 4a ,b, according to
The curves are plotted in Fig. 4c , and interestingly, the two curves show completely different signatures. The curve for the HRPincluded CCMV complex (red squares in Fig. 4c ) fits well with a simple diffusion model
where N is the average number of fluorescent product molecules in the observed volume, and t D is the characteristic diffusion time 29 . In the present example, the best fit is obtained for t D ¼ 19.5 ms.
For rhodamine in pure water, a t D value of 0.04 ms is reported 30 , a difference of almost three orders of magnitude compared with the HRP-containing CCMV capsid. We attribute this difference in t D to the hampered diffusion of the product molecules through the pores in the CCMV capsid wall. The pore size of the intact virus is known to depend on the pH (ref. virus is compact with small pores (,2 nm), but at pH 7.5, it is swollen and contains pores of !2 nm. On standing at this pH, depending on the salt concentration, the virus slowly disassembles into dimers. To investigate the influence of this pore size on the behaviour of the nanoreactor, the apparent diffusion times t D of one single capsid at several pH values were measured ( Fig. 4d ; see also Supplementary Information, Fig. S7 ). The diffusion time t D clearly reveals a step at around pH 5.7. This experiment indicates that the permeability of the capsid wall increases by a factor 2 -3 as the pH increases, which is probably associated with the formation of larger pore sizes. These observations, furthermore, indicate that the monitored processes take place inside the capsid cavity.
The simple diffusion model of equation (2) cannot describe the autocorrelation curve for the non-encapsulated HRP enzyme. In this case, the curve is best fitted by
which is a model for a thermodynamic equilibrium 31 between a fluorescent and a non-fluorescent state, in this case the In equation (3), A is a pre-exponential constant and t is the turnover time. This, together with the observation that the activity is localized, leads us to conclude that the HRP enzyme molecules are adsorbed to the outside of the capsid. Using the described disassembly/assembly properties of the CCMV, we have shown that enzymes can be loaded in the CCMV capsid. Enzymes encapsulated in a virus particle can be used to study their activity at the single-molecule level. The inclusion is a statistical process in which the number of encased proteins is determined by the starting concentrations of the protein. Under the applied experimental conditions, it can be assumed that, as intended, not more than one HRP enzyme molecule is encapsulated within a CCMV particle. The effects of concentration, protein size and surface charge on the inclusion of enzyme molecules into the capsid are interesting topics for further research.
METHODS

HRP INCLUSION
A solution containing the proteins that comprise the CCMV coat (500 ml, 15.9 mg ml 21 ) in sodium acetate buffer (0.05 M, pH 5) was dialysed against three changes of Tris-HCl buffer (500 ml, 0.05 M, pH 7.5) (3 h per change). When the solution reached pH 7.5, the guest enzyme solution (100 ml) in Tris-HCl buffer (0.05 M, pH 7.5) was added in excess (66 equivalents of HRP per capsid particleone capsid particle corresponds to 90 capsid protein dimers), and the resulting solution was incubated for 1.5 h. Dialysis of the incubated solution against the initial sodium acetate buffer was carried out under the same dialysis conditions as above. The samples were concentrated and the free guest enzyme was removed using centrifugal filter devices (Centricon YM-100, Millipore).
The samples obtained from the encapsulation and control experiments were analysed and purified by FPLC. Injections of 20-ml aliquots of the samples on the FPLC column at room temperature were monitored using UV detection at 280 nm and the wavelength corresponding to the chromophore present in the guest protein. Fractions of 60 ml were collected and the ones corresponding to the purified HRP-containing CCMV capsid were further analysed by fluorescence spectroscopy. The HRP used in the experiments was labelled with Alexa Fluor 532 dye (l ¼ 530 nm). The CCMV capsid containing this guest enzyme displayed significant emission at l ¼ 550 nm when excited at l ¼ 530 nm ( Fig. 2e ), indicating that inclusion of the enzyme had occurred. In the case of the CCMV capsid, no emission at l ¼ 550 nm was observed.
All buffer solutions used in the experimental work contained 1 mM EDTA, 300 mM NaCl, 10 mM CaCl 2 and 0.2 mM phenylmethylsulphonyl fluoride. Buffers were stored at 4 8C, and the dialysis was performed in a cold room at 4 8C.
MICROSCOPE SET-UP
Laser light (Spectra-Physics 2080 argon ion laser, 488 nm) was coupled into a single-mode optical fibre, passed through a 488-nm interference filter, reflected by a dichroic beam splitter (Chroma, 505dcxr) and focused on the sample by an oil immersion Â100 objective (Karl Zeiss, NA ¼ 1.30), which was mounted on a Karl Zeiss Axiovert 200 inverted microscope. The confocal volume of the sample beam was determined to be 0.5 fl. The power density at the sample was 1-2 kW cm 22 . Fluorescent light coming from the focal volume was collected by the same objective, passed through the dichroic beamsplitter, filtered (Chroma, HQ500lp), guided through a 50-mm pinhole, and finally focused on an avalanche photo diode (PerkinElmer SPCM-AQR-14), which was coupled to a National Instruments PCI-6036E data acquisition card operating at 20 MHz. The sample was mounted onto a JPK TAO nano positioner. Data collection and analyses were carried out with programs written in National Instruments LabVIEW 7.1.
A solution of the CCMV capsid containing HRP (10 ml, 3 mg l 21 ) was spincoated at 4,000 r.p.m. on a clean, hydrophilic cover glass and quickly rinsed with
